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ABSTRACT
The Gaia hypothesis postulates that life regulates its environment to be favorable for
its own survival. Most planets experience numerous perturbations throughout their
lifetimes such as asteroid impacts, volcanism, and the evolution of a star’s luminos-
ity. For the Gaia hypothesis to be viable, life must be able to keep the conditions
of its host planet habitable, even in the face of these challenges. ExoGaia, a model
created to investigate the Gaia hypothesis, has been previously used to demonstrate
that a randomly mutating biosphere is in some cases capable of maintaining planetary
habitability. However, those model scenarios assumed that all non-biological planetary
parameters were static, neglecting the inevitable perturbations that real planets would
experience. To see how life responds to climate perturbations to its host planet, we
created three climate perturbations in ExoGaia: one rapid cooling of a planet and
two heating events, one rapid and one gradual. The planets on which Gaian feedbacks
emerge without climate perturbations are the same planets on which life is most likely
to survive each of our perturbation scenarios. Biospheres experiencing gradual changes
to the environment are able to survive changes of larger magnitude than those experi-
encing rapid perturbations, and the magnitude of change matters more than the sign.
These findings suggest that if the Gaia hypothesis is correct, then typical perturbations
that a planet would experience may be unlikely to disrupt it.
Key words: astrobiology
1 INTRODUCTION
In the past few decades, there have been increasingly numer-
ous detections of planets outside of our solar system (Fressin
et al. 2013; Morton & Swift 2014). Although most of the
planets that have been detected are too close in to be hab-
itable, detections of potentially habitable planets have been
made and are expected to increase as detectors become more
sensitive (Gillon et al. 2017; Anglada-Escude´ et al. 2016;
Kreidberg et al. 2014). New initiatives such as the James
Webb telescope will provide extensive, more detailed detec-
tions of exoplanets, and present the possibility of observing
atmospheric spectra of potentially habitable planets (Gard-
ner et al. 2006). These atmospheric spectra may reveal signs
that life is present on some planets (Des Marais et al. 2002;
Schwieterman et al. 2018).
The Gaia hypothesis is one factor that may affect habit-
ability and life on exoplanets. This hypothesis suggests that
the biosphere of an inhabited planet has an active role in
regulating the conditions on the planet such that the envi-
ronment remains habitable (Lovelock 2000; Lovelock & Mar-
? E-mail: oalcabes@uchicago.edu
gulis 1974; Lovelock 1972). For example, one of the original
applications of the Gaia hypothesis was the Faint Young
Sun Paradox (Lovelock & Margulis 1974): even though the
sun’s luminosity has increased by approximately 25% over
the course of Earth’s history, mean global temperatures have
not changed dramatically, and Earth has remained a hab-
itable environment for billions of years (Sagan & Mullen
1972). The Gaia hypothesis suggests that Earth remained
habitable because Earth’s biosphere regulated the climate
as it was perturbed by the sun.
The Gaia hypothesis may also provide insight into the
effects of rapid perturbations on a planet’s climate and
habitability. Some examples of rapid climate perturbations
throughout Earth’s history are the Cretaceous-Paleogene
mass extinction from the Chicxulub asteroid impact (Schulte
et al. 2010) and ”snowball Earth” glaciations. Both per-
turbations cooled Earth’s temperatures significantly, after
which climate recovered. Looking to the future, anthro-
pogenic changes to the environment may cause similarly
significant climate perturbations (Lenton & Latour 2018).
Two such perturbations include global climate change or the
possibility of a nuclear winter (Pierazzo et al. 2003; Archer
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2005). Exoplanets are also likely to experience rapid climate
perturbations.
There have been multiple models employing the Gaia
hypothesis that qualitatively demonstrate how a biosphere
could regulate the environment. Among them are Daisy-
world, the Flask Model (Williams & Lenton 2008) and
Greenhouse World (Worden 2010), which are precursors to
the model used in this study, ExoGaia. ExoGaia is a con-
ceptual model created by Nicholson et al. (2018) that inves-
tigates the effects of evolving microbial biospheres on the
habitability of a planet. ExoGaia assumes a simple climate
with atmospheric gasses that either warm or cool the planet.
Gasses can be created by both geochemical and biological
processes, and biological functioning depends on the tem-
perature. Using ExoGaia, Nicholson et al. (2018) found that
planets are more likely to evolve Gaian feedbacks if they
have a large number of links in their geochemical networks.
However, Nicholson et al. (2018) focused on planets with
constant climate forcing. Our goal in this paper is to con-
sider the effects of perturbations, and to determine whether
the same geochemical characteristics that allow Gaian reg-
ulation without a perturbation also make life on a planet
more likely to survive perturbations. We review the ExoGaia
model and our modifications to it in Section 2. We give our
main results in Section 3 and discuss them in Section 4. We
conclude in Section 5.
2 METHODS
2.1 Model Description
In this paper we use the ExoGaia model (Nicholson et al.
2018). ExoGaia models the interactions between two sys-
tems: non-biological planets and a population of microbes.
Each planet is determined by a specific chemical set, and
a time invariant set of randomized geological links between
those chemicals. Chemicals in ExoGaia do not correspond to
real world chemicals, and they have the following properties:
(i) all assumed to be gaseous
(ii) either warm or cool the planet, but never both
(iii) do not react with multiple chemicals at a time, i.e.
A→ B, but A + B9 C, to preserve simplicity
(iv) have constant inflow from radiative, abiotic source
(for example, background volcanism)
(v) influence the planet exclusively through atmospheric
abundance and insulating or reflecting property
The atmospheric composition directly affects the tem-
perature of the planet. Nicholson et al. (2018) defines two
variables, AI and AR, where AI is the fraction of the planet’s
thermal energy that is retained through insulation, and AR
is the fraction of incoming radiation reflected, each depen-
dent on the amount of insulating or reflecting chemicals in
the atmosphere (Nicholson et al. 2018). The source of all in-
coming radiation is determined by the variable βf orce. The
radiative forcing, βf orce, represents any radiative process
affecting the planet’s climate. The most obvious example of
radiative forcing would be the luminosity of a planet’s host
star. Other examples could include an asteroid impact, a vol-
canic eruption, or other changes in the planet’s background
greenhouse gas profile or aerosols. ExoGaia relates the tem-
perature of the planet, T , to the amount of chemicals present
and the radiative forcing using the following equation:
(1 − AI)T = (1 − AR)βf orce (1)
In order for the temperature of the planet to remain stable,
the insulating and reflecting chemicals must be altered in
such a way that
(1−AR)
(1−AI) βf orce is constant.
The lifeforms of ExoGaia, microbes, play an instrumen-
tal role in that manipulation, as the biosphere in ExoGaia
interacts with the already present geochemical links. Each
microbe belongs to a species, and each species consumes one
chemical and expels a different chemical as waste. Microbes
are seeded on a planet while its atmosphere is still forming,
and are able to alter the temperature of the planet based on
whether chemicals they eat and excrete are reflecting or in-
sulating. They have a temperature-dependent metabolism,
so as the planet’s temperature gets further away from their
preferred temperature, they are more likely to die. New mi-
crobes have a random chance of mutating, resulting in new
species that consume a different chemical and expel a differ-
ent chemical from the parent microbe. Therefore, the chem-
ical links created by biology on the planet are able to change
rapidly as new species evolve. In order to maintain a stable
temperature as βf orce changes, life on a planet must be able
to regulate the AI and AR variables by eating and producing
the chemical species present on the planet (Nicholson et al.
2018).
2.2 Experimental Procedures
For each change in the radiative forcing, we perform the
following procedure (Nicholson et al. 2018):
(i) establish planet’s geochemical network by creating
randomized invariant geological links between different
chemicals
(ii) plant a random microbe seeding on the planet when
the planet reaches the preferred temperature of the microbes
(iii) run the simulation for 5 × 105 timesteps after seeding
(iv) repeat steps (ii) and (iii) 10 times
(v) repeat steps (i)-(iv) 100 times
Differing from Nicholson et al. (2018), we keep the
connectivity parameter, a parameter that establishes how
likely a link between chemicals on a planet is to form, con-
stant at C=0.4. We test 10 different biological seedings on
each planet as opposed to 100, as we find that experiments
with less seedings have similar qualitative results to experi-
ments with more. In order to categorize our results, we use
a system very similar to that used by Nicholson et al. (2018):
Abiding: planets where all seedings survive
Bottleneck: planets where seedings either die early or
survive for the duration of the experiment
Critical: planets where some seedings survive, but others
die out at random times
Doomed: planets where all seedings die
Differing from Nicholson et al. (2018), we change the
definition of Critical slightly. We require all Critical plan-
ets to have at least one surviving seeding by the end of the
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(a) (b)
(c) (d)
Figure 1: Changes in radiative forcing for different perturba-
tions: constant radiative forcing (a), gradual warming (b),
short warming (c), and short cooling (d).
experiment, whereas Nicholson et al. (2018) still called plan-
ets Critical if they all died, so long as they died at random
times (Nicholson et al. 2018). We also call planets where all
seedings die Doomed, as opposed to separating planets into
Doomed and Extreme based on temperatures as Nicholson
et al. (2018) does.
To test how Gaian planets responded to changes in the
radiative forcing, we introduce three different perturbations:
one gradual and sustained linear increase, and two rapid
perturbations, one positive and one negative, that increase
or decrease abruptly before exponentially decaying back to
the previous radiative forcing value. The gradual scenario is
analogous to stellar evolution; the rapid perturbation cor-
responds to impact events, volcanic eruptions, or snowball
deglaciation. For the rapid perturbation, we created a decay
equation, so that βf orce changed like so:
βf orce = ∆βf orce ∗ exp(
−t − tpert
w
) (2)
where ∆βf orce is the amount the radiative forcing increases
by, t is the current timestep, tpert is the timestep at which
the perturbation occurs, and w is the length of the per-
turbation. In our experiment, we chose tpert = 3, 000 and
w = 2, 000. As for the gradual perturbations, βf orce just
increases linearly:
βf orce = t ∗ (
βf orce f − βf orceo
tmax
) + βf orceo (3)
where βf orce f is the final radiative forcing value,
βf orceo is the initial radiative forcing value, and tmax is
the total amount of timesteps. In this case, notice that
∆βf orce = βf orce f − βf orceo . All perturbations are demon-
strated graphically in Figure 1. For the rapid perturbation,
we run scenarios in which the radiative forcing increases or
decreases in intervals of ±5% of the initial forcing until all
of the planets become doomed, and for the longer evolution,
we increase the radiative forcing by intervals of ±30%, again
until all the planets are doomed.
(a) (b)
Figure 2: The distribution of planetary type for different
perturbations. Figure (a) represents the distributions for
rapid cooling and warming perturbations, and (b) for grad-
ual warming. The green line represents the amount of abid-
ing planets present for each perturbation, the blue line the
amount of bottleneck, the yellow line critical, and the orange
line doomed. ∆βf orce represents the amount by which the
radiative forcing is perturbed in terms of the percentage of
the initial radiative forcing.
3 RESULTS
Biospheres in ExoGaia can consistently survive rapid per-
turbations to the initial forcing of about 15% (Fig. 2a).
Moreover, planets have a similar response whether they are
exposed to positive or negative perturbations (Fig. 2a). A
rapid change of about 30% of the initial forcing ensures that
all planets are doomed (Fig. 2a), but the radiative forcing
must experience a 140% increase from its initial value to
achieve a similar result for the gradual scenario (Fig. 2b).
Gaian feedbacks are not inevitable and only emerge on
a subset of planets even in the absence of external perturba-
tion. Doomed planets tend to stay doomed when a perturba-
tion is imposed, and planets that are abiding with constant
forcing are generally the same that are able to survive mod-
est perturbations (Fig. 3). There is some exchange between
bottleneck and critical planets. These results are interesting
because there is no reason to assume that the characteris-
tics of a planet (most likely the geochemical connectivity,
as discussed by Nicholson et al. (2018)) that would allow
its biospheres to survive with no perturbation are the same
characteristics that would allow for survival with a pertur-
bation.
Interestingly, a few planets are actually more likely to
survive with perturbations than without them (Fig. 3). Con-
sider the example shown in Fig. 4. When the planet does not
experience a perturbation, life dies out during the latter half
of the experiment. Different seedings of life on this planet
are able to survive the duration of the experiment without a
perturbation so, without a perturbation, this planet is con-
sidered critical. In the seeding shown, life experienced a large
population spike that caused a large spike in temperature at
around the 400,000th timestep, after which the planet did
not recover and all life died. However, when the planet ex-
periences a perturbation in which the radiative forcing is
briefly 5% greater than it was initially, life survives for the
duration of the experiment. With the perturbation, although
there are population spikes, there are no associated temper-
ature spikes as dramatic as those with no perturbation. We
do not have a complete explanation for the small number of
cases in which a perturbation improves survivability. It may
be that global sterilization events require the confluence of a
number of factors, and radiative perturbations can interfere
with this confluence in some cases. Another possibility is
MNRAS 000, 1–5 (2019)
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(a)
(b)
(c)
Figure 3: These plots depict how planetary type is dis-
tributed during different perturbations, in comparison to
planetary type with no perturbation. All planets that were
abiding with no perturbation are depicted in green, all that
were bottleneck are depicted in blue, critical in yellow, and
doomed in orange. The percentage above each subfigure is
∆βf orce, referring to the amount by which the radiative forc-
ing changes from its initial value during a perturbation. D =
Doomed, C = Critical, B = Bottleneck, and A = Abiding.
Figure 4: An example planet that survives better with a per-
turbation imposed. The left column depicts the properties
of the planet and life with no perturbation, and the right
column depicts the same system but with a rapid, warm
perturbation.
that small perturbations lead to regime shifts, which result
in a change to an alternative stable state and thus do not ex-
perience the same global sterilization event, a phenomenon
widely discussed in ecology (Holling 1973; May 1977; Schef-
fer et al. 2001; Scheffer & Carpenter 2003)
4 DISCUSSION
The qualitative results from this study provide intuition
about the survival of life through perturbations to plane-
tary systems. Our results are particularly meaningful when
considering the durability and longevity of biospheres on
habitable planets. Because biospheres in ExoGaia can con-
sistently survive perturbations with lower magnitudes, it is
unlikely that an abrupt warming or cooling of a planet would
be the sole reason that life on that planet would die. Simi-
larly, the long-term evolution of a host star would be unlikely
to kill off life on a planet unless it proceeded enough to cause
a runaway greenhouse process.
One of the first proposed applications of the Gaia hy-
pothesis was to the Earth system, as an explanation for how
Earth’s biosphere survived the 25% increase in luminosity
from the sun as it evolved (Lovelock & Margulis 1974). Our
study supports this claim, as we have found that resilient
biospheres are able to keep planetary environments stable
even with various types of perturbations. This is particularly
interesting given that regulation in ExoGaia only occurs be-
cause of biotic processes, and the model does not account for
the abiotic Earth carbon silicate cycle (Walker et al. 1981).
An implication is that worlds lacking a functional carbonate-
silicate cycle such as water-rich planets may enjoy long-term
habitability if they become inhabited (Kite & Ford 2018).
Although ExoGaia accounts for species evolution, it
does not have any ecological innovations such as burrow-
ing or insulation, which could make species more likely to
survive warmer or colder environments. None of the species
are carnivorous, so there is no developed food chain, which
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could also impact the biosphere’s regulatory ability. The
zero-dimensionality of planets in ExoGaia prevents species
from migrating during perturbations as they might on real
planets, possibly mitigating the most harmful effects from
the perturbations on microbial populations. Planets in Ex-
oGaia also do not have seasonality, which Biton & Gildor
(2012) have found could decrease the range of luminosity
values in which life is able to regulate the planetary envi-
ronment, making the life less likely to survive larger scale
perturbations.
The perturbations we consider in this study alter the
radiation a planet is exposed to; however, we do not consider
the effects of perturbations to chemical fluxes. We also do
not consider interacting perturbations, such as two impact
events occurring simultaneously or soon after each other.
Both of these options can be implemented in the ExoGaia
model, and are possibilities for future work.
Perhaps the most important limitation of ExoGaia is
its abstracted timescale. It is unclear how much real time on
a planet ExoGaia’s timesteps correspond to, which makes
comparisons between ExoGaia and real planets difficult.
However, when implementing the rapid perturbations into
our study, we found that changing the length of the per-
turbation (w in Eq. 2) by two orders of magnitude (from
200 to 20,000 timesteps), did not qualitatively influence our
results, so even though the timesteps are abstracted, it is
likely that our qualitative findings from our perturbations
remain correct.
Nonetheless, our study provides qualitative support for
the emergence of Gaian feedbacks and demonstrates that
this Gaian climate regulation may be robust against pertur-
bations. The effects of biotic regulation, both on Earth and
on exoplanets, warrant further investigation. Of particular
interest will be determination of how Gaian feedbacks are
impacted by increasing ecological complexity. Additionally,
Nicholson et al. (2018) have discovered that higher probabil-
ities of geochemical links tend to make planets more likely to
have a regulating biosphere, and it would be worthwhile to
continue to investigate characteristics that may contribute
to a Gaian effect. Finally, the effects of perturbations at dif-
ferent times with respect to the evolution of the biosphere,
as opposed to simply testing perturbations early in the bio-
sphere’s evolution, remain to be explored.
5 CONCLUSIONS
By testing perturbations to the climate of planets using Ex-
oGaia, we have arrived at the following findings:
(i) The planets that are able to survive with constant ra-
diative forcing are also those that are most likely to survive
perturbations.
(ii) Planets are able to tolerate gradual perturbations of
significantly larger magnitude than rapid perturbations.
(iii) The magnitude of change in radiative forcing mat-
ters more than whether the perturbations are warming or
cooling.
If the Gaian hypothesis is correct, our results imply that life
could survive the types of perturbations that Earth has ex-
perienced. Our results are therefore consistent with Gaian
regulation playing an important role in Earth’s history, al-
though they clearly do not prove this. Moreover, our results
may apply to Earth-like exoplanets as well.
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